This paper examined the land use change (LUC) and sustainability index of major Chinese cities to develop a model for implementing more efficient land use and sustainable urban development (SUD) practices in China. The authors show that substantial LUC occurred across 29 Chinese cities during the 1990-2000 period. In particular, cities in the Yangtze River Delta (YRD), the Beijing-Tianjin-Hebei Area, and the Pearl River Delta underwent considerable LUC while achieving efficient land use. Characterization of the different LUC patterns of these cities revealed that land use efficiency differed between cities. The components of sustainability, including socio-economic, environmental and resource use indexes, were also clarified. Factors such as socio-economic development had the effect of increasing the sustainability scores of coastal cities relative to the scores of northern and industrial cities further inland. Regression analysis revealed which factors had the greatest effect on the level of environmental index. The results showed that industrial activities, population trends, and the pattern of land use all significantly affect the environmental component and SUD of cities. Finally, the network of cities in the YRD and a land use model in which cities undertake resource endowments, including land for improving SUD, was discussed.
Introduction
In China, large amounts of arable land have been converted into urban areas, the ratio of which has increased from 19.40% in 1980 to 42.99% in 2005 (National Bureau of Statistics, 2006) . The relative shortage of arable land has been a serious constraint to achieving sustainable urban development (SUD). In an attempt to establish SUD and implement a Circular Economy (CE)* 1 (Feng and Yan, 2007) , policies directed at improving land use efficiency and controlling the total acreage of cultivated land through instruments such as the Chinese 11 th Five-Year Plan (FYP) (2006-2010) promulgated in 2006 need to be implemented (NDRC, 2006) .
For example, SUD was defined at the URBAN21 Conference as, "Improving the quality of life in a city, including ecological, cultural, political, institutional, social and economic components, without leaving a burden on future generations … a burden which is the result of a reduced natural capital and an excessive local debt" (RECCEE, 2003) . This statement highlights the importance of examining a variety of aspects related to the socio-economic and environmental characteristics of cities when addressing SUD. To implement SUD, Agenda 21 initiatives have been adopted by numerous countries, including China, which established its own National Agenda 21 in 1994.
Although China does not yet have a defined national policy regarding the promotion of SUD, numerous academic research activities have been dedicated to the achievement of SUD. Chen et al. (2008) examined the relation between urban compactness and environmental variables and suggested that a city should reduce per capita domestic energy consumption and promote infrastructure efficiency and the use of public transport. Van Dijk and Zhang (2005) reported how urban managers could improve current ineffective urban management practices using sustainability indices as tools, and suggested that greater priority should be given to urban environmental protection and management in China.
While numerous studies have focused on the urban expansion of Chinese cities, less attention has been paid to clarifying the relationship between the land use changes (LUC) and SUD. Since municipalities and provincial cities are responsible for implementing SUD, this study collected and analyzed data from 29 major cities (consisting of four municipalities and 25 provincial cities; Fig.1.) . The authors also considered LUC to refer to the amount of arable land that has been converted to urban built-up areas. First, they analyzed the LUC of these cities during the 1990-2000 period and defined their associated LUC patterns, and then assessed their sustainability index score applying the index approach developed by Esty et al. (2005) . Finally, they examined the relationship between LUC and SUD and proposed a method for promoting SUD in China.
Land Use in Major Chinese Cities 2.1 Urbanization and LUC
In China, the level of urbanization is defined as the proportion of the urban population of an area relative to the population of the entire area. The rapid industrialization and economic growth that has occurred in China in recent decades has resulted in an increase in the level of urbanization of approximately one percent per year for the last ten years. Increasing the level of urbanization from 43% to 47% is a stated goal of the 11 th FYP. However, the rapid urban expansion observed in China has resulted in a marked loss of arable land. To conserve the remaining arable land, the Chinese government promulgated the Basic Farmland Protection Regulations in 1994 and the New Land Administration Law in 1998.
To estimate the amount of arable land that has been converted to urban built-up areas in China during the 1990-2000 period, the authors used ArcGIS9.0* 2 to analyze the Chinese GIS land use data with a resolution of 1 km 2 ( Fig.2.) . In China, a total of 14,996 km 2 of arable land has been converted to urban built-up areas over this period, with this LUC being most marked in the Yangtze River Delta (YRD), the Beijing-TianjinHebei (BTH) Area, and the Pearl River Delta (PRD), particularly the main cities in these regions, followed by the coastal areas (eastern region) and then inland areas (central region and western region) (Fig.2.) .
With the exception of several agricultural and administrative cities, the level of urbanization has increased in most urban centers (Fig.3.) , with cities in the megalopolises, particularly Beijing (BTH), Shanghai (YRD) and Guangzhou (PRD), exhibiting the largest changes. Interestingly, the observation that LUC in 1990-1995 was considerably larger than that in 1995-2000 (Fig.4.) suggests that the Basic Farmland Protection Regulations promulgated in 1994 have been effective.
Spatial analysis of LUC
The authors also attempted to clarify the spatial characteristics of LUC patterns in each city during the 1990-2000 period. They first designated a political center for each city around which they plotted four concentric rings with radii representing 5 km, 10 km, 15 km, and 20 km from the center of each city, as shown in Fig.5 .. They then estimated the LUC in each of the resulting rings, which were referred to as Area 1 (0-5 km), Area 2 (5-10 km), Area 3 (10-15 km), and Area 4 (15-20 km) (Appendix, Table 6 .). Finally, they performed k-mean cluster analysis* 3 (k=4) based on the four bands around each city to clarify the observed LUC patterns.
The authors found that LUC within a radius of 20 km were most marked in Beijing and Shanghai, followed by Chengdu and Guangzhou. Cities adjacent to these mega cities, such as Nanjing (near Shanghai) and Shijiazhuang (near Beijing), also showed considerable changes in land use (Fig.6.) . The results of the cluster analysis produced the four land patterns (Land 1-4) shown in Table 1 . Land 1 showed compact and extremely rapid land development; Shanghai and Beijing, two of the largest mega cities in China, belong to this pattern. Land 2 experienced generally rapid and distributed development. Cities in Land 2 include Nanjing, Guangzhou, the center of the PRD, Shijiazhuang (a city adjacent to Beijing), and Chengdu (an urban center in the southeastern region of China). Land 3 showed moderate and distributed development and included cities such as Hangzhou, Haikou and Kunming. These cities succeeded in conserving arable land while also achieving economic development during the period. One explanation for this pattern is the fact that some of these cities are tourist places. Land 4, which consists mainly of old industrial cities, typifies the low development socio-economic condition, and has experienced considerable economic stagnation in recent years. Figs.7. to 10. show the LUC patterns of Shanghai, Nanjing, Hangzhou and Shenyang, respectively. These maps show typical examples of the clustering groups and well illustrate the characteristics of the clustering methods. Interestingly, those cities exhibiting rapid land development (i.e., Land 1 and 2) have established numerous high-tech development zones, such as Eco-industrial Parks, which characteristically employ environmentally-sound technologies and infrastructures. The authors examined whether the adoption of these measures had a positive impact on the environmental performance and SUD of the cities.
Sustainability Assessment
To create their own Sustainability Index (SI) system, the authors combined the Environmental Sustainability Index (ESI) developed by Esty et al. (2005) with several indicators related to LUC ( Table 2. ). The resulting SI system is composed of four sustainability components -social, economic, environmental, and resource use -and fifteen variables, all of which were extracted from the Urban Statistical Yearbook of China (2001).
The calculation procedure consisted of four steps. First, the authors normalized the variables extracted from the statistical data, either by taking a logarithm or squared-root of the selected values so that they would follow normal distributions.
Second, they computed z-scores for each of the normalized variables to obtain a mean of zero and a standard error of one, as follows:
where i represents the city, j is a variable allocated to the four sustainability components (environment, social, economic, resource use), X is the normalized variable, and μ and σ denote the average and standard deviation of the variable being considered, respectively* 4 . Third, they then aggregated the z-scores within one component using an equal weight to yield the four component scores shown in Table 7 . of the Appendix using the following equation:
where C is the score for component m, and w denotes the weight of each variable in the component. An equal weight was assigned to each of the variables belonging to the four components; for example, since the social index consisted of four variables, this meant the weighting used for the aggregation was 1/4.
Finally, aggregating the component scores with an equal weight yields the city sustainability index (SI) score as: Table 3 . shows the SI scores calculated for the 29 cities examined in this study. The five highest-ranking cities are Guangzhou, Haikou, Nanjing, Shanghai and Beijing, all of which are located in the coastal region. The three lowest ranking cities are Xi'an, Nanchang and Chongqing in the inland region. Considering that the SI score is an aggregation of the four components (see Table 7 . in the Appendix), an examination of the component scores provides several interesting insights.
First, based on the obtained scores, it is clear that high socio-economic development contributes positively to the sustainability performance of the top five cities. Interestingly, for Haikou and Nanchang, good performance concerning resource use and environmental components increases their SI scores. The cities with the three lowest scores performed poorly in all the components. Second, a spatial pattern appeared to arise with respect to component performance. As explained in Section 2.2, the socioeconomic components of cities in the coastal region tended to be associated with high environmental performance. Conversely, the performance of the industrial cities in the western and northern regions was relatively poor with respect to social and environmental components, irrespective of the extent of their economic development. 
Relationship between LUC and SUD 4.1 Correlation between LUC and SUD
I t i s l i k e l y t h a t L U C p r o b a b l y a f f e c t s t h e performance associated with SUD. To assess the extent of such a relationship, the authors repeated the k-mean cluster analysis of the four sustainability components in the 29 cities. The clustering results yielded four clusters of cities that have different profiles in terms of sustainability components. Table 4 . presents the correlation between LUC and SUD patterns, and shows that coastal cities exhibited higher LUC and SUD than the inland cities. Examination of the observed SUD patterns shown in Table 4 . reveals a decreasing trend in SI scores from cluster 1 to cluster 4. The cities with strong economies, such as Shanghai and Beijing in cluster 1, had high LUC and SI scores. These cities are characterized as being compact cities with high rates of development, particularly with respect to land use and SI scores. As explained in Section 2, this good performance is due to their relatively high levels of socio-economic development and low environmental pressure due to the presence of numerous high-tech industrial parks, which have a positive effect on the environmental index of these cities. Conversely, cities such as Guiyang, which had low socio-economic levels of development, had low LUC and SI scores.
Determinants of Environmental Index
The authors then analyzed the results-determinants of the environmental index, which has the potential to severely constrain the sustainability and economic and social development of Chinese cities.
To examine environmental performance, the authors hypothesized that economic structure, population size, and LUC patterns all influence environmental index. First, economic activities in an area are known to determine the level of the environmental burden, which means that cities where manufacturing constitutes the main industry are likely to have a higher associated environmental burden. Second, population size also determines the level of environmental impact, with larger and denser populations having relatively higher environmental impacts. Finally, LUC patterns affect the use of energy sources and resources, and thus environmental performance. For example, in compact cities, less energy is likely to be used for transportation because commuting distances are shorter and there is relatively higher access to public transportation; a good example of this would be the difference between Los Angeles and New York City in the USA. In this study, since the economic effect on sustainability had been controlled, the authors created dummy land use variables for the regression analysis to more clearly estimate and isolate the pure effect of land use patterns on energy and resource utilization. The dummy variable for Land 1 was omitted from the analysis to establish a baseline, and the estimated environmental index was used as the dependent variable (see Table  7 .). As independent variables, the authors estimated the contribution of the secondary sector to GDP, population size, population density, rate of urbanization, and LUC dummy variables based on the clustering described in Section 2. Table 5 . shows the results of the regression analysis for the results-determinants of the environmental index based on ordinary least squares. Using an F-test, the fitness values of the regressions were observed to be statistically significant (adjusted R 2 =0.49, n=29). Regarding economic activities, the greater the share of the secondary sector (e.g. manufacturing), the lower the environmental index, implying that economic structure affects environmental performance. Table 4 . Correlation between LUC and SUD Not surprisingly, all things being equal, urbanization was observed to have an adverse effect on the environment. Urbanization results in a larger, denser population with higher levels of economic activity. H ow ever, by i n c l u d i n g t h e s e v a r i a b l e s i n t h e regression equation the effects of population and industrial structure were already allowed for in the regression analysis. These results therefore suggest that urbanization increases the density of economic activity within a city, which in turn produces a corresponding increase in environmental impacts. For example, the higher density of automobiles in urban areas relative to rural areas has the effect of increasing atmospheric SO 2 concentrations. Finally, the regression results show that LUC also affects environmental performance. As shown in Table 5 ., the land use pattern of the Land 3 coefficient is negative and statistically significant (cities of this pattern are listed in Table 1 .).
As explained in Section 2.2, these previously industrialized cities have recently undergone a period of economic stagnation, and the combination of an aging infrastructure with wider roads, longer subways, and outdated sewage systems all have adverse effects on the environmental status of such cities. In addition, the inhabitants of these cities are likely to commute more than the inhabitants of more compact cities. Taken together, these factors are likely to promote the utilization of energy resources and thus negatively affect environmental sustainability.
Discussion
The authors have demonstrated that substantial LUC has occurred in most large Chinese cities and that land use affects sustainability components, particularly those related to the environment. These observations show that, with the limited land resources available relative to the size of its population, it is particularly important for China to implement effective land use strategies, especially those that affect SUD.
The authors therefore developed a model to describe the efficient utilization of land resources and to promote SUD using the highly productive YRD as an example. Although this region accounts for only 2.2% of China's total land area, it generates 22.3% of the country's total GDP (Zhang et al., 2008a) . However, the large service sector, such as the financial industry in Shanghai, is not the only reason for the high land use efficiency of the region. Rather, the spreading of industrial functions and economic activities among the cities within the region appear to be what has facilitated this efficient performance. Specifically, the three major cities in the delta have different roles in economic activities; Shanghai is a business center, Nanjing is an industrial center, and Hangzhou is considered to be the most productive agricultural city in the region. According to Krugman and Obstfeld (2005) , by spreading the production of particular goods and services throughout a region, and then trading them across that region, production and consumption are increased while resource and energy utilization remain the same.
The different LUC patterns observed in the three cities corroborate the authors' findings. In other words, by making efficient use of a network, the YRD region optimizes the use of economic resource inputs, including land resources, at the regional level and not at the level of the city. The authors refer to this relationship as the harmonious LUC model and show the relation between the model components in Fig.11 . Zhang et al. (2008b) previously showed a similar land use pattern between Shanghai and its adjacent medium-small size cities. In this case, there is a sharing and interaction of economic activities between Shanghai (commercial center) and the mediumsized cities of Suzhou (industrial city) and Huzhou (agricultural city).
The sharing of economic roles within a region therefore not only enhances economic outcomes, but also increases the efficiency of land resource utilization and thereby potentially reduces environmental pressure. This harmonious approach to land use at the regional level could be expanded for application as an SUD model for application in China through the adoption of appropriate policies (Fig.12. ).
Conclusion
In this study, the authors examined the LUC and SI scores of 29 major Chinese cities, as well as the relationship between LUC and SUD, to identify the determinants of environmental sustainability. Their findings can be summarized as follows: 1) Most cities showed marked LUC, particularly in the YRD, BTH, PRD areas and the cities within these areas. Here, the cities of Beijing, Shanghai, Guangzhou, and Nanjing showed particularly marked changes in LUC. In addition, cities of the coastal region exhibited more LUC than cities in the central and western regions. All 29 cities exhibited different LUC patterns.
2) Haikou, Nanjing, Guangzhou, Shanghai, and Beijing had high SI scores, not only because they had high socio-economic scores, but also because they had Table 5 . Regression Analysis of Results-determinants of Environmental Index low associated environmental pressures, which led to improved SUD.
3) The coastal cities experienced larger LUC and exhibited better SUD than inland cities, such as Beijing and Shanghai. Coastal cities tend to be compact while attaining high rates of development with respect to land use, which potentially contributed to the improved environmental management. Conversely, inland cities had low LUC and SI scores.
4) In addition to income, industrial structure, and population density, the authors showed that LUC pattern influences SUD. The regression results suggest that compact cities with relatively welldeveloped infrastructure, such as transportation and sewage systems, are likely to have improved resource utilization and higher SUD.
The harmonious land use model is potentially beneficial for assessing both the economy and SUD of a region. To improve SUD and limit the conversion of arable land into urban areas, it is necessary to increase land use efficiency. In the case of the YRD, the authors proposed the application of a harmonious LUC model, which showed that each of the cities in the area play a role in providing the goods and services necessary for the development of the region as a whole, and in so doing, promote SUD on a large scale.
Notes

*1
Circular Economy (CE) is a mode of economic development based on the circulation of resources. CE requires compliance with ecological laws and promotes the sound utilization of natural resources in order to promote economic development, i.e., it is essentially an ecological economy that follows the principles of "reducing resource use, reusing, and recycling" (Feng and Yan, 2007) . In China, there are several CE models with small, medium and large circulation levels. Small circulation refers to the promotion of cleaner production within individual firms. Medium circulation refers to the promotion of eco-industrial parks (EIP). Large circulation refers to the promotion of the CE in cities, provinces and regions (Zhang et al. 2009 ) .
*2
ArcGIS9.0 (ESRI, Japan) is a computer-based geographic information system. All spatial data used in this study were provided by the China Data Center. *3 k-mean cluster analysis is based on the partition method (STATA, 2005) . First, initial k-group centers are determined and individual observations are then assigned to the group with the closest center. Specifically, the mean of the observations assigned to each group is then calculated and the process is repeated. This iterative process is continued by reassigning observations until the mean becomes the minimum. *4 The sustainability assessment system is constructed in such a way that higher z-score values result in better sustainability performance. Equation (1) therefore only holds for variables with values that are positively associated with sustainability (e.g., income, education). When variables have a negative association with sustainability variables (e.g., environmental pollution), the following z-score equation is used: 
